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When, after years of biochemical, biophysical, nd genetic 
work, the understanding of a biomolecular process finally 
reaches the st ructural evel, standards change. Macromol- 
ecules familiar as gel bands, sequences, and antigens 
suddenly become easier to envision as three-dimensional 
physical objects, and their functional roles are more tangi- 
ble. Even the language changes: words uch as swiveling, 
sliding, hinges, and levers are now acceptable and accu- 
rate. For the membrane fusion glycoproteins of alphavi- 
ruses and flaviviruses, this point has now been reached 
through the publication of three recent papers (Cheng et 
al., 1995; Fuller et al., 1995 [this issue of Cell]; Reyet al., 
1995). 
Taking advantage of the extraordinary structural sym- 
metry of Semliki Forest virus (SFV) and the closely related 
Ross River virus, Fuller et al. and Cheng et al. used cryo- 
electron microscopy and image reconstruction to obtain 
a detailed picture of the glycoprotein complexes, the mem- 
brane, and the nucleocapsid (Cheng et al., 1995; Fuller 
et al., 1995). The increased resolution (about 22.~,) allowed 
them to confirm previous assumptions about the structure 
of alphaviruses and to reveal numerous new features. The 
novelties included a glimpse of the initial conformational 
change that the viral spike glycoproteins undergo when 
preparing for membrane fusion (Fuller et al., 1995). Rey 
and coworkers, on the other hand, determined the X-ray 
crystal structure of the E protein ectodomain from tick- 
borne encephalitis virus (TBE), a flavivirus (Rey et al., 
1995). This protein is the major envelope glycoprotein re- 
sponsible for attachment and membrane fusion during vi- 
rus entry. 
Among enveloped animal viruses, alpha- and flavivi- 
ruses belong to the smallest and simplest in design. Both 
have icosahedral nucleocapsids, a positive-stranded RNA 
genome, and a spherical shape. Their diameters are 
roughly 68 and 55 nm, respectively. They replicate in the 
cytosol. Flavivirus assembly occurs by budding into the 
lumen of the endoplasmic reticulum (ER) of infected cells, 
while alphaviruses bud off the plasma membrane. Both 
virus families usually contain only three major structural 
proteins: a capsid protein and two transmembrane glyco- 
polypeptides. The major glycoprotein in flaviviruses is 
called E (50-60 kDa), and the minor protein is called M. 
During biogenesis, M is formed by a proteolytic leavage 
from a larger precursor, called pre-M, which is associated 
with E. Without this cleavage, the E protein is inactive as 
a membrane fusogen and unresponsive to low pH. 
In the alphavirus envelope, the two transmembrane gly- 
copolypeptides are E1 and E2 (molecular masses of about 
50 kDa). Their maturation into a functional heterohexa- 
meric complex is a multistep process that includes everal 
intermediate steps and multiple cellular compartments (for 
recent reviews, see Kielian, 1995; Strauss and Strauss, 
1994). Synthesis occurs in the ER. E2 is produced as a 
larger precursor called p62. Prior to exit from the ER, the 
E1 and p62 assemble into heterocomplexes. In transit to 
the cell surface through the secretory pathway, p62 is 
cleaved to E2 and E3 by cellular proteases. This cleavage 
results in a conformational change that renders the spike 
structurally less stable and thus responsive to mildly acidic 
pH. In most cases, E3, the 10 kDa N-terminal fragment 
generated by the p62 cleavage, dissociates and does not 
remain part of the mature spike. Further changes occur 
during virus budding and entry into a new host cell. 
The symmetry of the alphavirus particles is in part deter- 
mined by the nucleocapsid at the center of the virion, an 
icosahedral particle with T -- 4 symmetry composed of 
240 copies of the capsid protein and one single-stranded, 
positive-sense viral RNA. The cryoelectron microscopy im- 
ages of the Ross River virus show how the ordered C-ter- 
minal portions of the capsid protein form hexamers and 
pentamers in the nucleocapsid surface (Cheng et al., 
1995). They project outward as thin ridges leaving ex- 
posed large areas of the central core, which is composed 
of the N-terminal segments of the capsid protein and the 
vRNA. The presence of gaps in the protein shell explains 
the long-standing observation that the viral RNA in the 
nucleocapsid is accessible to RNase (S6derlund et al., 
1979). 
In the lipid-protein membrane that surrounds the nu- 
cleocapsid, the 80 envelope glycoprotein spikes are also 
arranged according to T = 4 symmetry. Their arrange- 
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Figure 1. The Fusion Glycoproteins ofSFV and TBE Virus Rearrange 
to Form Homotrimers after Low pH Activation 
(A), SFV (alphavirus); (B), TBE (flavMrus). Individual glycoprotein com- 
plexes in SFV are heterohexamers at neutral pH (omitting E3). In TBE, 
the basic unit is an E homodimer, laterally associated into a network. 
After low pH activation, the fusion proteins of both viruses (El and E, 
respectively) rearrange to form homotrimers. For SFV, it is known that 
the acid-exposed glycoproteins protrude farther from the membrane. 
For TBE, the structure of the activated E trimers is less well defined, 
but it is likely that the trimers are elevated from the viral membrane. 
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ment is determined partly by lateral interactions and partly 
by their attachment o the capsid proteins via the C-ter- 
minal sequences of E2. Each spike complex is made up 
of three El-E2 pairs and projects about 80 nm from the 
bilayer (Cheng et al., 1995; Fuller et al., 1995). The most 
exposed part resembles a three-bladed propeller in which 
E2 (plus E3 in SFV) makes up the peripheral parts of the 
blades as well as part of the central axis, with E1 positioned 
around the axis. 
One of the major surprises is the observation that the 
spikes are actually hollow (Cheng et al., 1995; Fuller et 
al., 1995) (Figure 1A). The transmembrane domains of the 
El-E2 pairs do not enter the bilayer at the center of the 
spike, as previously assumed, but pairwise 10 nm apart, 
at its corners. The ectodomains emanating from these 
corners lean against each other; they touch at the middle 
of the spike and separate again more distally. This ar- 
rangement gives rise to a large cavity, 4.5 nm high and 
3.0 nm in diameter, in the middle of the spike between 
the bilayer and the top of the spike. 
The cage-like architecture of this viral spike is obviously 
quite different from that of influenza hemagglutinin (HA), 
which has served as the best-characterized paradigm for 
viral glycoproteins. HA consists of a solid trimer with the 
protomers positioned perpendicular to the viral membrane 
and the transmembrane anchors spaced at the base rather 
closely together (Wilson et al., 1981). 
Another unexpected property of alphaviruses is that 
most of the lipid bilayer membrane is covered by a protein 
coat. Therefore, viewing them from the outside, one could 
easily mistake them for nonenveloped viruses, because 
the lipid bilayer is almost completely hidden (Cheng et al., 
1995; Fuller et al., 1995). Each glycoprotein complex has 
what Fuller and coworkers call a skirt, a lateral plate that 
connects one spike with its neighbors about 2.5 nm above 
the bilayer surface. The 2 nm thick skirts seem to be made 
up of E2. They form an almost continuous protein plate 
around the virion, with openings only at the fivefold and 
twofold axes, plus three small openings into the cavity 
underneath each spike. The tightness of this armor ex- 
plains why host membrane proteins are effectively ex- 
cluded from budding virions during assembly; there simply 
is no space for additional proteins in the viral envelope. 
As in other enveloped viruses, the two main functions 
of the alphavirus pike glycoproteins are mediation of virus 
binding to host cell receptors and penetration. SFV was 
the earliest virus for which an endocytic entry pathway 
and an acid-triggered membrane fusion mechanism were 
demonstrated (Helenius et al., 1980; White and Helenius, 
1980). Since then, the entry mechanism, the properties 
of the spike glycoprotein, and the acid-induced changes 
have been subject to detailed biochemical, cell biological, 
and genetic characterization (for an in-depth review, see 
Kielian, 1995). Such studies have been aided by the un- 
usually high efficiency of penetration and the possibility 
of working at low virus-to-cell ratios. In summary, this ex- 
tensive literature shows that the virus first binds to glyco- 
protein receptors via the E2 subunits. So far, Sindbis virus 
is the only alphavirus for which a receptor, the laminin- 
binding surface protein, has been unambiguously identi- 
fled (see Strauss and Strauss, 1994). The viruses are then 
rapidly internalized by clathrin-coated vesicles and trans- 
ported to early endosomes. The mildly acidic pH in the 
early endosomes triggers a change in the envelope, re- 
sulting in an irreversible conformational change in E1 and 
E2. The interactions between them are weakened, and 
the E1 chains begin to associate into stable homotrimers 
(Wahlberg et al., 1992). Subsequently, the virus binds to 
the target membrane, and fusion follows after a short lag 
period (Bron et al., 1993). A wealth of evidence indicates 
that E1 is the fusion factor. A 16 amino acid long, highly 
conserved fusion peptide in the ectodomain is thought o 
mediate the interaction with the target membrane (Levy- 
Mintz and Kielian, 1991). 
The paper of Fuller et al. describes the changes in spike 
structure 50 ms after acid activation (Fuller et al., 1995). 
In contrast with longer acid treatment, the spikes are still 
relatively ordered at this time point, and the viruses have 
not yet aggregated. The changes observed are dramatic 
and informative. As further elaborated in the paper, the 
three E2 subunits in each spike move toward the periphery 
while the three E1 subunits relocate toward the center, 
filling most of the previously empty central cavity (Figure 
1A). Consistent with X-ray scattering data (Stubbs et al., 
1991), E1 is also seen to extend outward, making the spike 
considerably longer. This is the beginning of the remodel- 
ing that eventually abolishes the pairwise partnership be- 
tween the three E1 with E2 molecules and replaces it with 
an E1 homotrimer at the center of the spike. 
How this rearrangement results in membrane fusion re- 
mains unclear. Additional changes in the glycoproteins are 
likely. Binding of E1 to the target membrane, for example, 
almost certainly induces further alterations (see Kielian, 
1995). There is good evidence for a specific, acid-activated 
interaction between E1 and cholesterol. In addition to cho- 
lesterol, sphingomyelin constitutes a necessary cofactor 
in the fusion event. The E1 trimers may, as a result of 
further alterations, leave their original positions and move 
laterally in the membrane to form larger multimeric fusion 
complexes. The protein plate covering most of the bilayer 
surface may slide away in focal sites of fusion to expose 
more of the membrane bilayer. 
Is this spike architecture and fusion mechanism unique 
to alphaviruses? Perhaps not; several of the themes are 
repeated in TBE and other flaviviruses. The crystal struc- 
ture of the trypsin-released ectodomain of E shows slender 
15 nm long homodimers in which the two subunits are 
bound to each other in an antiparallel orientation (Rey et 
al., 1995) (Figure 1B). In the viral membranes, the dimers 
are positioned with their long axis parallel to the membrane 
surface, and the C-terminal transmembrane sequences 
are located at opposite ends of the dimer (Figure 1B). The 
dimers are probably further connected to form a lattice 
that covers the entire viral surface. 
Structurally, the glycoproteins of TBE are obviously 
quite different from either influenza HA or alphavirus 
spikes. However, when they are triggered to penetrate a 
new host cell, similarities emerge. TBE, like influenza nd 
alphaviruses, enters cells by endocytosis followed by low 
pH-activated membrane fusion. Recent studies have 
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shown that low pH causes the E homodimers to dissociate 
and rearrange into homotrimeric assemblies (Allison et al., 
1995). Rey et al. suggest that the acid-induced change 
could result in the elevation of the dimerization domain of 
the spike from the virus surface; i.e., the protein may now 
stand up and interact with the target membrane (Rey et 
al., 1995) (Figure 1B). The domain exposed at the tip of 
this domain contains an exposed hydrophobic loop that 
may serve as a fusion peptide. 
When other enveloped virus families are viewed, the 
similarities extend further. Regardless of the initial quater- 
nary structure, the fusion active spikes of many well- 
studied enveloped viruses seem to be homotrimeric. The 
list includes influenza, alpha-, flavi-, rhabdo-, and perhaps 
also retroviruses. To reach the fusion active form, the en- 
velope proteins in most of these viruses must undergo at 
least two activation steps. The first activation step involves 
a proteolytic leavage, which makes the complexes re- 
sponsive to the second activator. As in the cases of alpha- 
viruses and TBE, the substrate for the cleavage need not 
be the fusion factor itself; it can be another polypeptide 
component of the envelope protein oligomer. The second 
signal for fusion is usually the low endosomal pH, which 
triggers a major quaternary structure change in the acti- 
vated spike. The fusion active conformations are dramat- 
ically different from previous incarnations of the same 
protein. 
An important consequence of the conformational modifi- 
cation is the exposure and outward movement of fusion 
peptides. This was first recognized for influenza HA, in 
which a hydrophobic N-terminal peptide hidden in the tri- 
mer interphase is not only exposed after low pH activation 
but relocated by 10 nm toward the top of the spike struc- 
ture, where it interacts with the target membrane (Carr and 
Kim, 1993; Bullough et al., 1994). Although the identities of 
fusion peptides in alpha- and flaviviruses are less firmly 
identified, similar exposure and movement seem to be 
taking place. Perhaps the homotrimeric structure of viral 
fusion proteins can be explained by a need to expose 
multiple fusion peptides in different directions. A triangular 
geometry of a spike glycoprotein may, for example, pre- 
vent all three fusion peptides from binding to the same 
membrane and thus ensure that the ectodomain can inter- 
act simultaneously with both the viral and the target mem- 
brane. 
The data presented in the three papers reinforces the 
concept that for viral glycoproteins there is no one single 
mature conformation or quaternary structure. The struc- 
ture keeps changing during the replication cycle. One form 
is present in the early secretory pathway prior to proteolytic 
activation, another one on the plasma membrane after 
cleavage. Further changes occur during budding of the 
mature virus and after activation of membrane fusion. 
From a protein structure perspective, the remarkable abil- 
ity of these proteins to adopt dramatically different confor- 
mations poses an interesting conceptual challenge. Con- 
siderable bending, sliding, twisting, and swiveling must 
be involved without input of external energy in the form of 
ATP. Whether similar transformers act as fusion proteins 
during cellular fusion events remains to be seen. 
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